Population-genomic analyses are essential to understanding factors shaping genomic variation and lineage-specific sequence constraints. The dearth of such analyses for unicellular eukaryotes prompted us to assess genomic variation in Paramecium, one of the most well-studied ciliate genera. The Paramecium aurelia complex consists of $15 morphologically indistinguishable species that diverged subsequent to two rounds of whole-genome duplications (WGDs, as long as 320 MYA) and possess extremely streamlined genomes. We examine patterns of both nuclear and mitochondrial polymorphism, by sequencing whole genomes of 10-13 worldwide isolates of each of three species belonging to the P. aurelia complex: P. tetraurelia, P. biaurelia, P. sexaurelia, as well as two outgroup species that do not share the WGDs: P. caudatum and P. multimicronucleatum. An apparent absence of global geographic population structure suggests continuous or recent dispersal of Paramecium over long distances. Intergenic regions are highly constrained relative to coding sequences, especially in P. caudatum and P. multimicronucleatum that have shorter intergenic distances. Sequence diversity and divergence are reduced up to $100-150 bp both upstream and downstream of genes, suggesting strong constraints imposed by the presence of densely packed regulatory modules. In addition, comparison of sequence variation at non-synonymous and synonymous sites suggests similar recent selective pressures on paralogs within and orthologs across the deeply diverging species. This study presents the first genome-wide population-genomic analysis in ciliates and provides a valuable resource for future studies in evolutionary and functional genetics in Paramecium.
Introduction
Quantifying within-species genetic variation is important for a population-level understanding of key processes in evolution. Studies of patterns of variation across the genome have shed light on factors shaping levels of variation, e.g., recombination, mutation, drift, and selection. Moreover, analysis of variant frequencies and comparisons of polymorphisms and divergence have allowed the identification of lineage-specific regions of the genome under functional constraint (Abecasis et al. 2012; Schrider and Kern 2015) and those experiencing recent positive selection (Voight et al. 2006; Tishkoff et al. 2007) . Finally, population-genomic studies have uncovered spatial structure (e.g., Novembre et al. 2008 ) and local adaptation (e.g., Fournier-Level et al. 2011; Hancock et al. 2011) in populations. Such studies have, however, generally been restricted to multicellular organisms such as humans (Abecasis et al. 2010; Abecasis et al. 2012; Auton et al. 2015) , Drosophila (Begun et al. 2007; Langley et al. 2012) , Arabidopsis (Cao et al. 2011) , maize (Chia et al. 2012) , rice (Huang et al. 2012; Huang, et al. 2015) , and Caenorhabditis brenneri (Dey et al. 2013) , with the fungi Saccharomyces cerevisiae (Liti et al. 2009; Schacherer et al. 2009 ), Schizosaccharomyces pombe (Fawcett et al. 2014 ) and Neurospora crassa (Ellison et al. 2011 ) being the primary exceptions among unicellular eukaryotes.
Although unicellular organisms span all eukaryotic subgroups and comprise most of the eukaryotic phylogenetic diversity (Burki 2014) , they are heavily under-studied (Pawlowski et al. 2012; Lynch et al. 2014) , representing < 11% of all eukaryotic genomes available on NCBI (as of February 2017, calculated from http://www.ncbi.nlm.nih. gov/genome/browse/). Measurements of genome-wide variation in unicellular eukaryotes, besides yeast, have largely been restricted to pathogenic species such as Plasmodium (Volkman et al. 2007; Neafsey et al. 2012; Assefa et al. 2015) and Trypanosoma (Ackermann et al. 2012; Weir et al. 2016) species, Leishmania donovani (Downing et al. 2011) , Cryptococcus gattii (Engelthaler et al. 2014) , etc. Additional free-living unicellular eukaryotes for which the levels of genetic variation have been obtained from a limited number of loci (1-7) include Chlamydomonas reinhardtii (Smith and Lee 2008) , Tetrahymena thermophila (Katz et al. 2006) , and the Paramecium aurelia complex (Catania et al. 2009 ).
There are two main challenges to studying diversity across unicellular eukaryotes. First, characterizing genetic variation has been especially difficult in microbes due to frequent discordance between morphological and phylogenetic species concepts and difficulties in performing mating tests under precise laboratory conditions (Lahr et al. 2014; Pawlowski et al. 2012 ). For instance, many lineages in ciliates have been shown to harbor a number of cryptic species that are morphologically identical but reproductively isolated Krenek, et al. 2015) . Some cryptic species complexes in ciliated protozoans include the P. aurelia complex (Sonneborn 1975) , Halteria grandinella (Katz, et al. 2005) , and Tetrahymena pyriformis (Gruchy 1955) . Second, the sampling of a few selected loci does not provide a true representation of genetic diversity across the genome and this may in part be responsible for contradictory reports of extremely high or low nucleotide diversity in Paramecium (Hori et al. 2006; Snoke et al. 2006; Catania, et al. 2009 ). Paramecium is one of the most well-studied ciliates, and cryptic species in the Paramecium aurelia complex have now been extensively characterized and resolved (Sonneborn 1975; Beale and Preer 2008) , making it an ideal candidate in which to characterize genome-wide variation.
Like all ciliates, Paramecium species possess two kinds of nuclei: a macronucleus (MAC) and at least one micronucleus (MIC) (Prescott 1994) . The MIC harbors a diploid, transcriptionally silent germline genome, while the MAC harbors a streamlined, polyploid version of the MIC genome, and is transcriptionally active (Chalker and Yao 2011) . As a result of the massive genome rearrangements and sequence excisions that occur during MAC formation (Betermier 2004) , the Paramecium MAC genome is relatively small and almost entirely devoid of repetitive DNA. In addition, because P. aurelia species can undergo autogamy (self-fertilization), their genomes can be reduced to a homozygous state prior to genomic sequencing. These features allow for high-quality reference genome assemblies (McGrath et al. 2014a (McGrath et al. , 2014b . More interestingly, the Paramecium macronuclear genome is extremely compact, with one of the shortest known average intron lengths (20-25 bps) (Russell et al. 1994 ) and intergenic regions comprising an average of 100-200 bps. The following study therefore elucidates the forces shaping genetic variation across one of the most compact eukaryotic genomes.
Another fascinating feature of the P. aurelia complex is that despite the simplicity of their genomes, the species diverged following at least two rounds of whole-genome duplications (WGDs) that are not shared by the outgroup species, and $50% of genes duplicated by the most recent WGD ($320 MYA) are still maintained in duplicate copies (Aury et al. 2006; McGrath et al. 2014b ). The Paramecium aurelia complex thus has extremely gene-rich genomes ($40,000 protein coding genes in each species) and provides an excellent platform for studying the evolutionary forces responsible for the retention or loss of genes after WGD.
We thus aim to characterize genome-wide patterns of variation in the macronucleus of five deeply diverging species belonging to the genus Paramecium: three species belonging to the Paramecium aurelia complex (P. tetraurelia, P. biaurelia, P. sexaurelia) and two of the closest outgroups to the complex (P. caudatum and P. multimicronucleatum). This population-genomic study involves resequencing whole genomes of 10-13 isolates of each species, sampled worldwide. The study provides insights about the global population structure of each species and the genome-wide diversity levels across different sites and genomic elements. Heterozygosity levels are used to shed light on constraints on noncoding regions as well as individual genes. This study provides a unique and extensive dataset to understand genomic variation across five separate free-living microbial eukaryotes, in both the macronucleus and the mitochondrion, and will serve as a valuable resource for future studies of the comparative and population genomics of Paramecium.
Results and Discussion

Genetic Variation in Paramecium
We sequenced the macronuclear genomes of 10-13 isolates of each of the five species: P. tetraurelia, P. biaurelia, P. sexaurelia, P. caudatum, and P. multimicronucleatum (totaling 56 individuals), attempting to sample as globally as possible (details in supplementary table S1, Supplementary Material online). Reads were mapped (see Methods for details) to previously assembled and annotated reference genomes for each species (Marinov et al. in preparation; McGrath, et al. 2014a McGrath, et al. , 2014b . Most strains mapped to 85-97% of the reference genome, with the exception of two isolates of P. caudatum and four isolates of P. multimicronucleatum where a smaller fraction (50-70%) mapped to the reference genome (supplementary table S1, Supplementary Material online). Isolates mapping to < 75% of the reference genome are hereafter referred to as divergent isolates. We thus conducted each of our analyses in P. caudatum and P. multimicronucleatum with two data sets: one including the set of all sampled strains, and a subset (one excluding the divergent isolates).
We identified a total of 545,750 (P. tetraurelia), 948,377 (P. biaurelia), 3,013,676 (P. sexaurelia), 4,812,175 (P. caudatum) and 4,333,282 (P. multimicronucleatum) single-nucleotide polymorphisms (SNPs), representing about 0.7%, 1.3%, 4.7%, 17.9%, and 14.0% of their genomes, respectively. When the divergent isolates are excluded, there is a significant reduction in the number of SNPs identified in P. caudatum and P. multimicronucleatum, to 2,218,282 and 2,502,368 respectively, in both cases comprising $7.4% of the genome.
Population Structure of Paramecium
All Paramecium species in this study are cosmopolitan and found in freshwater bodies across varying habitats/climate zones (Przybos 2005; Przybos, et al. 2008; Przybos and Surmacz 2010) . Three different hypotheses might explain such global distributions. First, the ubiquity model or "everything is everywhere" hypothesis suggests that high and continuous dispersal rates of microbes would result in their global distribution with no genetic isolation by distance Finlay 2002) . Paramecium has been proposed to disperse from one expanse of water to another by insects, birds and larger migrating animals (Maguire and Belk 1967) , including artificial dispersal by human activities (Foissner Population Genomics of Paramecium Species . doi:10.1093/molbev/msx074 2011). Alternatively, it is possible that the rates of dispersal are not very high, but rare events of migration over a long period of time have resulted in cosmopolitan distribution (Foissner 2006) . Lastly, it is possible that the older Paramecium species: P. multimicronucleatum, P. caudatum and P. sexaurelia (McGrath, et al. 2014b) , were distributed worldwide before the continents separated and therefore achieved a global distribution without extensive recent migration (Foissner 2008; Weisse 2008) . Such scenarios are plausible given that Paramecia do not form cysts (Sonneborn 1975 ) and thus their long-distance dispersal capabilities might be limited. A consequence of either of the latter two scenarios would be strong subdivision among geographically distant populations. In principle, understanding the worldwide population structure of Paramecium would provide more insight into the ongoing debate of whether unicellular eukaryote populations have biogeographical patterns similar to those of many multicellular organisms (Foissner 2008; Foissner et al. 2008) .
To gain more insight into this issue, we built phylogenetic trees using 883 single-copy orthologous protein-coding genes that are present in all species. For each orthologous gene set, all sequences (derived from each isolate and reference genomes) were concatenated into one supermatrix, and RAxML/8.0.26 (Stamatakis 2014 ) was used to generate a phylogenetic tree under the substitution model GTRGAMMA ( fig. 1 ). We also generated gene trees for each of the orthologous gene sets separately and obtained a consensus tree (majority rule) (supplementary fig. S1 , Supplementary Material online) (Aberer et al. 2010 ). Both trees exhibit very similar topologies and all species are monophyletic. The only exception is one strain assigned to P. biaurelia (B_A, Poland) that appears to cluster within the P. tetraurelia clade and for which the sequencing data map to 97% ($34Â coverage) of the P. tetraurelia reference genome. We therefore excluded this most likely misidentified strain from all subsequent analyses.
P. caudatum consists of two major clades (A and B; genomewide F st ¼ 0.38) and two outgroup strains, which represent the two divergent isolates noted above. The two major clades, A and B, which do not assort geographically, represent the two haplotype groups that P. caudatum has been suggested to partition into previously Hori et al. 2006; Krenek et al. 2015) . Interestingly, 92% of genes support the monophyly of Clade A, whereas only 77% of genes support the monophyly of Clade B (supplementary fig. S1 , Supplementary Material online), possibly suggesting unidirectional gene flow between the two clades. Similarly, P. multimicronucleatum partitions into two major clades (C and D; genome-wide F st ¼ 0.50) and all four divergent isolates form clade D.
P. caudatum subset (Clade A and B), and P. multimicronucleatum subset (Clade C) seem to be comprised of individuals that can successfully mate. Multiple lines of evidence have suggested that clades A and B are not reproductively isolated (Hiwatashi 1968; Hiwatashi 1983, 1985; Stoeck et al. 2000; Hori et al. 2006; ) , and are not different species according to the biological species concept. Although all strains used in the study were identified via mating tests conducted in previous studies, the extent of reproductive isolation between clades C and D is not entirely clear. We therefore consider both P. caudatum and P. multimicronucleatum subsets to be comprised of a conservative set of individuals that are not reproductively isolated.
Remarkably, in none of the species do isolates appear to group together in accordance with geographical location, suggesting the absence of strong geographic population structure. To explore this issue, we performed principle component analysis (PCA) with approximately 10,000 uniformly distributed SNPs for each of the five species separately ( fig. 2, supplementary fig. S2 , Supplementary Material online). In general, the genetic distances between isolates do not appear to correlate with geography, with the exception of P. biaurelia wherein the PCA plots suggest a USA-Europe separation and mirror geography mildly within Europe. In addition, there is a lack of any significant correlation by linear regression between pairwise geographical and genetic distance between isolates within each species ( fig. 2, supplemen  tary fig. S2, Supplementary Material online) .
Conversely, we find that any two isolates sampled from exactly the same lake or city are always closely related on phylogenies and are indistinguishable by PCA. This can be seen in P. biaurelia (B_256-UB4 and B_256-UB2 from USA, Boston) and P. sexaurelia (S_133 and S_132 from Spain, Seville; S_129 and S_130 from Greece, Loannina Lake). None of these pairs of isolates are identical, with 11793, 6896, and 3736 bases (0.00058%, 0.00015% and 0.00010% divergence per site) at which their genotypes differ respectively.
Thus overall, within the limitations of our sampling, we do not observe any clear population structure correlated with geography among any of the investigated Paramecium species, suggesting that these ciliates are effectively ubiquitously distributed and hence provide support for the "cosmopolitan model" or the "everything is everywhere" hypothesis (Finlay 2002; . As an exception, P. biaurelia might mildly support the "moderate endemicity model" (Foissner 2006 (Foissner , 2008 (Foissner , 1999 . Although many microbial species have now been shown to exhibit biogeographies (reviewed in Foissner 2006) , no such patterns are observed on the continental scale in the examined Paramecium species. Finally, the scenario that the worldwide distribution of these species occurred only before the split of Pangea is strongly refuted. Our findings rather suggest recent or ongoing migration and gene flow of Paramecium across the globe, supporting observations from previous studies (Przybos et al. 2008; Catania et al. 2009; Krenek et al. 2012 ). Interestingly, although there appears to be a correlation between physical and genetic distance on a very small geographical scale, this correlation disappears when evaluated globally across continents. This could be a result of very different mechanisms and rates of dispersal at shorter versus larger distances, for instance, via organismal vectors (short-distance carriers) and global atmospheric circulation or human-mediated transport (long-distance dispersal). It is also possible that autogamy in the P. aurelia species plays a role in reducing genetic variation within populations and increasing genetic differentiation between populations, as observed in self-fertilizing plant species (Loveless and Hamrick 1984; Abbott and Gomes 1989; Sun 1999; Charlesworth 2003) .
Nucleotide Diversity across the Nuclear Genome Nucleotide diversity (measured by p) at 4-fold degenerate sites across the genome is extremely high in both P. caudatum (0.135) and P. multimicronucleatum (0.159), but much lower for the P. aurelia species: 0.027 for P. sexaurelia, 0.009 for P. biaurelia, and 0.006 for P. tetraurelia. Upon excluding the two divergent strains in P. caudatum, the nucleotide diversity at 4-fold degenerate sites halves to about 0.069. Similarly, upon excluding the four divergent strains in P. multimicronucleatum, the diversity levels fall to 0.074. Table 1 shows the nucleotide diversity across different site-types: intronic, coding (4-fold degenerate, 2-fold degenerate, and 0-fold degenerate) and intergenic regions (noncoding regions that extend from the start codon of a gene to the start/stop codon of the adjacent gene).
FIG. 1.
A concatenated tree of all single-copy gene sequences (maximum likelihood, GTRGAMMA) in five species: P. tetraurelia (green; T), P. biaurelia (blue; B), P. sexaurelia (orange; S), P. caudatum (red; C) and P. multimicronucleatum (purple; M), shows that all species are monophyletic excluding one strain of P. biaurelia (B_A) that branches with P. tetraurelia. Clade A and B together constitute P. caudatum subset and Clade C represents the P. multimicronucleatum subset. Isolates marked with * represent the divergent isolates that mapped to <75% of the reference genome. The numbers represent maximum likelihood estimates of branch lengths (mean number of substitutions per site).
Expected heterozygosity in introns increases significantly across all species upon exclusion of the first three and last three sites within each intron, indicating that these sites are conserved, presumably for splicing. Overall, diversity in intronic and intergenic regions is remarkably low compared to the diversity levels at 4-fold degenerate sites for all species (also seen in supplementary fig. S3 , Supplementary Material online), suggesting that the non-coding regions in Paramecium are under strong selective constraints, most likely because they harbor functionally important splice sites and regulatory modules respectively. Interestingly, while nucleotide diversity levels in the P. aurelia species are much lower in introns relative to intergenic sequences, this trend is reversed in the two outgroups. This observation is consistent with the FIG. 2. Population structure of Paramecium species. Left: Principal component analysis using genome-wide genotypes for P. tetraurelia, P. biaurelia and P. sexaurelia. Right: Average pairwise genetic distance as a function of physical distance between individuals within P. tetraurelia, P. biaurelia, and P. sexaurelia.
fact that on average intergenic regions in the P. aurelia species are longer. A possible explanation is the nonfunctionalization of genes following the two WGDs, which would increase the amount of non-functional DNA between the two flanking functional genes and thus reduce the fraction of intergenic sites under constraints. Among the P. aurelia species, P. sexaurelia shows much higher genetic variation across the genome, consistent with previous studies (Przybos et al. 2007 ) that found significant genotypic differences between P. sexaurelia strains. This is also consistent with relatively higher divergence of P. sexaurelia (McGrath et al. 2014b) , suggesting that the differences in genome-wide levels of sequence variation could be driven by slight differences in mutation rate.
Overall, 4-fold degenerate sites have the highest levels of nucleotide diversity across all elements of the genome for all species and thus might represent the most neutrally evolving sites in the Paramecium macronucleus. The diversity values reported for P. aurelia species fall within the range of known diversity levels for other unicellular eukaryotes such as Plasmodium falciparum (4-fold degenerate p ¼ 0.0015) (Volkman et al. 2007 ), Chlamydomonas reinhardtii (silent site p ¼ 0.0319) (Smith and Lee 2008) and Tetrahymena thermophila (coding p ¼ 0.0020) (Katz et al. 2006 ). On the other hand, the values of 4-fold degenerate diversity in the outgroup species, P. caudatum and P. multimicronucleatum, are among the highest reported (Leffler et al. 2012; Dey et al. 2013) . It is still not entirely clear if such high diversity values are due to a large panmictic global population or because of population structure despite infrequent gene flow. Sampling individuals from the same pond will help dissect these two scenarios. However, we cannot presently rule out other factors, such as the presence of cryptic species among the outgroups, introgression with closely-related species, or much higher intrinsic mutation rate, that could also potentially contribute to these remarkably high levels of variation.
Intergenic Regions in the Outgroups are Under Strong Constraints
The macronuclear genomes of all Paramecium species are extremely compact ( fig. 3a and 3b ) with the median intergenic region (non-coding DNA between start and start/stop sites of adjacent genes) in P. caudatum and P. multimicronucleatum comprising 43 and 93 bp, respectively. The aurelia species have slightly longer intergenic regions (median of 161 bp, 195 bp and 229 bp in P. tetraurelia, P. biaurelia, P. sexaurelia respectively). Paramecium also has one of the shortest eukaryotic introns, with average size of just 20-25 base pairs (Russell et al. 1994) . The internally eliminated sequences (IESs) that are excised during the process of the formation of the macronucleus, and are well characterized only in P. tetraurelia, have a median length of 26-28 bp (Arnaiz et al. 2012) . In fact, 93% of the IESs in P. tetraurelia are shorter than 150 bp (Arnaiz et al. 2012) , suggesting that the micronuclear genomes of the Paramecium species are also fairly compact. In most organisms, diversity in coding regions is well below the diversity in intergenic and intronic regions. For instance, in S. cerevisiae, which has a fairly compact genome, the non-coding to coding diversity ratio is 1.23 (Schacherer et al. 2009 ). In S. pombe, the coding heterozygosity is 0.2122 and diversity at intergenic regions (including 5 0 and 3 0 UTRs) is 0.3351, resulting in the intergenic to coding diversity ratio of 1.58 (calculated from Fawcett et al. 2014 ).
In the P. aurelia species, nucleotide diversity in coding regions is $50% of the intergenic diversity, while for the outgroup species, intergenic regions have much less diversity than the coding regions (table 1). In order to reduce biases that might be the result of differences in sequence depth of coverage across different sites, we compared expected heterozygosity at coding and intergenic regions using only sites that were covered by all individuals and had coverage very close to the median population coverage (620 reads) ( fig. 3c ). While the ratio of intergenic to coding diversity in the P. aurelia species is comparable to that in other organisms-1.66 (P. tetraurelia), 1.64 (P. biaurelia) and 1.69 (P. sexaurelia), in the outgroup species, the ratio is 0.58 [subset: 0.74] for P. caudatum and 0.80 [subset: 0.75] for P. multimicronucleatum. Hereafter, the values in square brackets correspond to those belonging to the subsets. We know of no other species with such low nucleotide diversity in intergenic relative to coding regions, suggesting strong conservation of intergenic sequence.
Despite accounting for bias in coverage, it is possible that if the reference genome is highly diverged from the sequenced individuals (as in our case), say at intergenic regions, those reads might fail to map and hence result in a lower estimation of intergenic diversity. We therefore performed appropriate simulations to address mapping and SNP detection when the reference genome is highly diverged from individuals in the population. Our simulations show that up to 10% divergence from the reference, SNP detection is remarkably accurate. At 10% divergence from the reference, 93% of true SNPs can be detected and estimated divergence (9.5%) is only slightly lower than true divergence (10%) (supplementary fig. S4 , sup Material online), when we consider only the P. multimicronucleatum subset, all strains are less than 6% divergent from the reference. Therefore, it is possible that such a bias is affecting our results when we include all the strains in the outgroup species, but analyses with the subsets should be minimally influenced by this bias. Nonetheless, it should be noted that due to heterogeneity of divergence across the genome, some regions of the genome might still be affected by such a mapping bias. Accordingly, we repeated the above analysis by calling SNPs using only the 4 and 5 closest individuals to the reference genome (forming polytomies in supplementary fig. S1 , Supplementary Material online) in P. caudatum and P. multimicronucleatum respectively. These individuals were even closer to the reference genome, with average expected heterozygosity at 4-fold degenerate sites of 0.04302 and 0.06255, respectively. Again we observe that for all sites that are covered by all individuals and have coverage very close to the median population coverage (620 reads), the ratio of intergenic to coding diversity was 0.78 and 0.72, respectively. This suggests that the observation of relatively lower genetic variation in the intergenic relative to coding regions in the outgroup species is not an artifact of our analysis.
As an alternative approach to examine the relative strength of selective constraint on coding versus noncoding DNA, we examined the distribution of insertions/deletions (indels) across the genome. A total of 29,096 (P. tetraurelia and (B) P. caudatum. Mean intron lengths in P. tetraurelia and P. caudatum: 25 and 22 bp; median intergenic length in P. tetraurelia and P. caudatum: 161 and 43 bp. (C) p coding/ p intergenic calculated genome-wide from sites that had coverage very close to the median population coverage (620 reads) and were contributed by the same number of individuals. (D) Incidence of indels across the genome for each Paramecium species, calculated by dividing the total number of indels found in that region by the total number of utilizable nucleotide sites in that region. tetraurelia), 54,406 (P. biaurelia), 88,724 (P. sexaurelia), 32,631 [28, 776] fig. 3d) , where the median indel length is 3 bp, suggesting purifying selection against indels that cause frame-shifts. Introns and intergenic regions, however, tend to have a median indel length of 1 bp (supplementary table S6, Supplementary Material online). Again, we see that in the P. aurelia species there are proportionally more indels present in the intergenic regions than in introns. On the other hand, in the outgroup species intergenic regions tolerate fewer indels than do intronic regions. This shows that the very short intergenic regions in P. caudatum and P. multimicronucleatum are under extremely strong constraint.
Spatial Patterns of Constraints across Non-Coding Regions in the Genomes
Selection in natural populations can remove strongly deleterious mutations, but weakly deleterious mutations can continue to persist in the population at lower allele frequencies (Ohta 1974 (Ohta , 1992 . Thus, within-population nucleotide diversity can be used to infer constraints across the genome and possibly identify functional parts of the non-coding genome. We therefore evaluated spatial patterns of nucleotide diversity in exons flanking all introns and intergenic regions across the genome for each species separately ( fig. 4, supplementary  fig. S5 , Supplementary Material online). However, neutral sites linked to functionally important sites also experience reduction in diversity as a result of either purging of deleterious alleles (background selection (Charlesworth et al. 1993) ) or fixation of a beneficial mutation (hitchhiking (Smith and Haigh 1974; Kaplan et al. 1989) ) at functional loci due to linkage (Comeron et al. 2008) . As selection has a minimal effect on divergence at linked neutral sites (Birky and Walsh 1988) , a comparison of polymorphism and divergence can distinguish between the effects of variation in the neutral mutation rate (which is determined by selective constraint in addition to mutational processes) versus linked selection (Begun and Aquadro 1992) . To this end, we evaluated patterns of divergence across introns and intergenic regions, for the relatively more closely related P. aurelia species.
We observed a reduction in both expected heterozygosity and divergence in intergenic regions, near the start and end of coding sequences, as well as at some key sites within introns (figs. 4 and 5, and supplementary fig. S6 , Supplementary Material online). In fact, divergence-normalized values of expected heterozygosity fail to exhibit any spatial pattern across these non-coding elements ( fig. 5, supplementary fig.  S6 , Supplementary Material online), suggesting that these patterns are driven predominantly by negative selection and mutational processes (although see below) rather than linked selection. This is interesting because although asexual species are expected to experience the effects of linked selection more strongly (Charlesworth et al. 1993 ), very compact genomes such as those in Paramecium, might experience relatively more direct selection as they have a higher proportion of functional sites.
The first and last three sites of introns are highly conserved, even more so than 0-fold degenerate sites, observed in patterns of both divergence and nucleotide diversity (figs. 4 and 5), consistent with the role of these positions in intron splicing (Jaillon et al. 2008) . In fact, it has been suggested that the first and last three sites in short eukaryotic introns might be sufficient for accurate splicing (Lim and Burge 2001; Jaillon et al. 2008) . However, we find that in Paramecium, on average, 8-10 base pairs of coding DNA immediately flanking an intron, are also under stronger constraints than the remainder of coding sequence, possibly suggesting the presence of splicing regulatory elements in the coding sequence. Another interesting observation is the clear decrease in divergence ( fig. 5e  and 5g ) in the center of introns, suggesting that longer introns might possess functional elements related to gene regulation.
We also observe that average expected heterozygosity and divergence increases gradually moving upstream from the start codon and downstream from the stop codon into the intergenic regions, stabilizing at around 100-150 base pairs ( fig.  4) , suggesting the presence of regulatory modules or UTRs. All four types of intergenic regions, with respect to the direction of transcription-(i) regions that are upstream to both flanking genes, (ii) those downstream of one gene and upstream of another (iii) upstream of one gene and downstream of another and (iv) downstream of both flanking genes-exhibit the same pattern of reduction in heterozygosity levels just before the start and after the stop codons (supplementary fig. S7, Supplementary Material online) . This indicates that constraints on downstream intergenic regions are not an artifact of overlapping upstream intergenic regions. Instead, these observations suggest the presence of gene regulatory elements at the 3 0 end of genes, either involved in posttranscriptional regulation, in the specification of transcription termination, or in the regulation of gene expression. We note that in the P. aurelia species, diversity levels in the intergenic regions stabilize to reach average diversity at 4-fold degenerate sites. In contrast, in the two outgroup species, diversity in intergenic regions stabilizes only up to the equivalent average diversity at 2-fold degenerate sites. Such differences in patterns of nucleotide diversity between the P. aurelia species and the outgroup species can be attributed to a much higher proportion of functionally important sites comprising the intergenic space in the outgroup species, possibly as a result of smaller numbers of bases between adjacent genes in the latter.
A similar reduction in diversity in intergenic regions extends up to 85 kb around transcription start/stop sites of genes in humans (Abecasis et al. 2010) . In S. cerevisiae, intergenic regions are under strong purifying selection and those shorter than 300 bp have significantly reduced nucleotide diversity than longer intergenic regions (Schacherer et al. 2009 ).
Interestingly, we also observe on average a 70À100 bp ($20À35 amino acids) decrease in diversity as well as divergence at both the 5 0 and 3 0 end of coding sequence (CDS) of protein coding genes. Such reduction in diversity at 4-fold and 2-fold degenerate sites at the beginning and end of proteinPopulation Genomics of Paramecium Species . doi:10.1093/molbev/msx074 FIG. 4 . Average expected heterozygosity (per site) within and flanking introns (left) and intergenic regions (right) in P. tetraurelia (a, b), P. biaurelia (c, d), P. sexaurelia (e, f), P. caudatum subset (g, h) and P. multimicronucleatum subset (i, j) separately for 4-fold degenerate sites (red), 2-fold degenerate sites (blue), 0-fold degenerate sites (green) and non-coding sites (black). The divergence values are calculated between P. tetraurelia and P. biaurelia separately for 4-fold degenerate sites (red), 2-fold degenerate sites (blue), 0-fold degenerate sites (green) and non-coding sites (black).
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0 ends of CDSs might be required to maintain low thermodynamic stability of mRNA secondary structure near the start codon for efficient translation initiation. Alternatively, CDS 5 0 ends might possess fewer tRNAadapted codons to slow down translation initially, which has been proposed to reduce ribosome collision-induced premature translation terminations and facilitate protein production (see Tuller and Zur 2015) . Consistent with this, the 5 0 and 3 0 ends of protein-coding genes in bacteria ($32À35 codons) have been shown to be important for efficient translation (Kudla et al. 2009; Boel et al. 2016) and their mRNA folding energies can explain observed variation in expression levels (Kudla et al. 2009 ). In fact, it has been shown previously that the first few codons in proteins of P. tetraurelia and T. thermophila, are on average, comprised of significantly different numbers of effective codons than the rest of the protein (Salim et al. 2008) . Thus, the role played by the first and last few bases of all coding sequences in translation might contribute to additional sequence constraints, resulting in reduced nucleotide diversity and divergence.
Another factor that might contribute to constraining the CDS ends is the presence of regulatory modules at the beginning and end of genes. Exonic enhancers have been observed in multiple species, including teleosts (Dong et al. 2010; Eichenlaub and Ettwiller 2011) , humans (Birnbaum et al. 2012 ) and other vertebrates (Ritter et al. 2012 ), where they have been shown to regulate nearby genes. In the highly compact genomes of Paramecium, it is even more likely that regulatory regions extend beyond non-coding regions into the CDS. For instance, in P. caudatum, median length of 5 0 intergenic regions is 43 bp, which increases to 56 bp when both genes share the same 5 0 intergenic region, suggesting the importance of upstream intergenic length in such compact genomes. Interestingly, 965 genes ($7%) have shorter than 10 bp and 3417 genes ($25%) have shorter than 20 bp long 5 0 intergenic regions in P. caudatum. Similarly, in P. multimicronucleatum, the median length of 5 0 intergenic region is 90 bp, which increases to 127 bp when both genes share the same 5 0 intergenic region. Again, there are 456 genes ($3.5%) with less than 10 bp and 1760 genes ($13%) with less than 20 bases comprising their upstream intergenic region. In fact, in both species, the 5 0 intergenic region can be as small as 3 bp (found in 38 genes in P. caudatum and 18 genes in P. multimicronucleatum). An interesting question this posits is what might be the minimum number of necessary bases required to encode regulatory information about transcription of genes in eukaryotes. A recent study in yeast has now created a high-strength minimal constitutive promoter that is only 116 bp in length (Redden and Alper 2015) . It might be possible to observe even smaller promoter regions needed to drive expression patterns in Paramecium, especially in P. caudatum.
Spatial Patterns of Nucleotide Diversity across NonCoding Regions are Not Driven by Mutation Alone
Although we have assumed that the diversity-normalized divergence patterns indicate the effect of negative selection, it is possible that the observed spatial patterns of nucleotide diversity across and flanking non-coding regions are driven entirely by mutation alone. One way to potentially distinguish between mutation versus direct selection causing these patterns is to evaluate the allele frequency of the variants observed at different site types. If the reduction in nucleotide diversity near the start and end of coding sequences is mostly a consequence of negative selection, we would expect a higher fraction of rare alleles at 4-fold degenerate sites under stronger constraints, relative to that seen at 4-fold degenerate sites not under constraints. Instead, if mutation is the predominant driver of the extent of nucleotide diversity at these sites, then there should be no difference between the fraction of rare alleles between the 4-fold degenerate sites under stronger negative selection and those not under constraints. Because Tajima's D (Tajima 1989 ) is a good statistic to summarize such a shift in rare alleles, we compared average Tajima's D statistic to evaluate this.
In each Paramecium species, we first characterized sites genome-wide into five different categories-(1) splice sites (first and last 3 sites) in introns; (2) intergenic sites within 50 bp of start/stop sites; (3) intergenic sites at least 150 bp away from start/stop sites (should exclude most UTR regions); (4) 4-fold degenerate sites within 50 bp of start/stop sites; and (5) 4-fold degenerate sites at least 150 bp away from start/stop sites and 30 bp away from splice sites. We expected category 5 sites to be the most neutral. Interestingly, in most species, Tajima's D at splice sites, intergenic sites close to start/stop and 4-fold degenerate sites close to start/stop sites is significantly smaller than that of 4-fold degenerate and intergenic sites far away from any functional elements (see supplementary table S7, Supplementary Material online for P-values). This suggests that sites in category 1, 2 and 4 are under relatively stronger purifying selection. Interestingly, category 2 sites seem to possess significantly more rare alleles than category 3 consistently in all species, suggesting that intergenic regions very close to start/stop sites are under stronger purifying selection than intergenic sites further away from gene ends. We also find Tajimas' D at intergenic sites (Category 3) to be significantly higher than that for 4-fold degenerate sites (Category 5) in most species. This could either suggest that intergenic sites are under some form of positive/balancing selection or that silent sites are not completely neutral and in fact experience some purifying selection.
Gene-Based Analysis of Patterns of Synonymous and Non-Synonymous Diversity
Selective constraint can vary among genes within the same species and it could also be species-specific. To examine such variation in our dataset, we evaluated the distribution of p n /p s across all genes ( fig. 6a ). If we assume that synonymous polymorphisms are fitness neutral, then p n /p s is a measure of the relative functional constraints on non-synonymous polymorphisms, and thus an indication of functional constraints on the protein. The majority of genes have p n /p s < 1.0, consistent with constraints on non-synonymous changes. About 98% of genes in P. tetraurelia, 96% in P. biaurelia, 96% in P. sexaurelia, 99% in both P. caudatum and its subset, 99% in both P. multimicronucleatum and its subset have p n /p s < 1. Upon comparing the average p n /p s for the set of same orthologous genes across all species, we find the mean to be 0.10 for P. tetraurelia, 0.17 for P. biaurelia, 0.24 for P. sexaurelia, 0.12 [0.12] for P. caudatum [subset] and 0.17 [0.14] for P. multimicronucleatum [subset] . Among these species, P. sexaurelia has the highest average p n /p s , which either suggests relaxed selection because of relatively small effective population size or more local adaptation. Local adaptation might result in fixation of more non-synonymous than synonymous differences between subpopulations, thus increasing p n /p s . Differences in p n /p s between species could also reflect genome-wide variation in the fraction of gene duplicates that are subfunctionalized, neofunctionalized or nonfunctionalized. Alternatively, an elevation in average levels of p n /p s could be a consequence of depression in the average levels of p s , which could be caused by stronger selection on synonymous sites or a recent bottleneck (Brandvain and Wright 2016) experienced by the species. Evidence that genes with higher p n /p s ratios are under more relaxed constraints is provided by a comparison between the average number of frame-shift causing indels occurring in the four sets of genes with (1) p n /p s < ¼ 0.25, (2) 0.25 < p n / p s < ¼ 0.5, (3) 0.5 < p n /p s < ¼ 1.0, and (3) p n /p s > 1.0. As expected, we find an increase in the number of indels per site with increase in p n /p s ( fig. 6b ).
Paralogs and Orthologs Evolve under Similar Selective Constraints within and across Species
We evaluated the correlation between p n /p s across orthologs and within-species paralogs, which were created by the most recent WGD (fig. 7) . Both paralogs and orthologs show a significant positive correlation within and across all species, suggesting that most WGD duplicates are under similar selective constraints. We also confirmed that these correlations are not being driven simply by selection on synonymous sites, as p s is not necessarily correlated between orthologs and within-species paralogs across all species (supplementary fig.  S8 , Supplementary Material online). Similar findings in the maize genome also suggested correlations between nucleotide diversity and divergence between WGD paralogs (Pophaly and Tellier 2015) . Our results further suggest that most orthologs are under very similar evolutionary constraints across the Paramecium species. This is in agreement with a recent study in Drosophila where p n and p s were found to be strongly correlated between D. melanogaster and D. simulans (Langley et al. 2012) . Such a correlation was also observed between orthologs in S. cerevisiae and S. paradoxus (Elyashiv et al. 2010) .
A possible mechanism governing the degree of selective constraint acting on proteins is their level of expression (Zhang and Yang 2015) . Non-synonymous mutations are thought to have more severe fitness consequences in highly expressed genes than in weakly expressed ones (Drummond et al. 2005; Gout et al. 2010 ). Indeed, we find a strong negative correlation between expression and p n /p s in all species ( fig.  8 ). However only $6-13% of the variance is explained by expression, implying that additional factors may play a greater role in determining the degree of selective constraint acting on a gene. Simple biochemical properties of proteins, like the protein's function, tertiary structure and the number of interacting partners might determine the proportion of functionally important residues in the protein, and in turn govern the degree of selection.
Our observation that orthologous genes across such deeply diverged species experience similar degrees of selective FIG. 7 . Correlation of logarithm of p n /p s for paralogs within species (three diagonal plots for P. tetraurelia, P. biaurelia, P. sexaurelia) and for orthologs between species, pairwise [non-diagonal plots, with the plots below diagonal (outlined red) representing the first set of WGD paralogs (T1, B1, S1) and the upper half of the matrix (outlined blue) representing the second set of paralogs (T2, B2, S2)]. The number in the top left corner of each plot is the slope of the linear regression in cases where the regression is significant (P < 0.01). Only genes with more than five synonymous polymorphisms were used in this analysis. The schematic tree on the bottom right corner shows the phylogenetic relationship between the species: P. tetraurelia (T), P. biaurelia (B), P. sexaurelia (S), P. caudatum (C) and P. multimicronucleatum (M).
constraint ( fig. 7 ) might imply a low rate of turnover of expression, protein structure, function, and number of interacting partners. This finding may also be in part due to similar ecologies and therefore similar selective pressures experienced by the Paramecium species examined here. It may thus be informative to compare closely related species that live in or have recently experienced different environments. For instance, Elyashiv et al. (2010) found significant differences in levels of gene-specific purifying selection (p n /p s ) in the sake population of S. cerevisiae in comparison to other populations FIG. 8 . Negative correlation of p n /p s with expression levels of genes in four Paramecium species. All correlations are significant with P < 2.2 Â 10 À 16 . Only genes with more than five synonymous polymorphisms were used in this analysis.
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Distribution of Tajima's D across the Genome
Contrary to genes under purifying selection, genes under balancing or positive selection might often be species-specific. We tested this hypothesis using Tajima's D as a statistic, which uses the difference between nucleotide diversity and the number of segregating sites to detect deviations from neutrality. Because Tajima's D is sensitive to population size changes and population structure (Simonsen et al. 1995 ), P. biaurelia (outliers: 1681 bp; non-outliers: 1372 bp; P < 2.2 Â 10 À 16 ), and in P. sexaurelia (outliers: 1860 bp; non-outliers: 1379 bp; P < 2.2 Â 10 À 16
). This bias is, however, much lower or not significant for P. caudatum (outliers: 1463 bp; non-outliers: 1383 bp; P ¼ 7.3 Â 10 À 3 ) and P. multimicronucleatum (outliers: 1509 bp; non-outliers: 1445 bp; P ¼ 0.19), possibly because of higher genome-wide nucleotide diversity, indicating that despite some bias, the results have true biological significance.
Tajima's D, as a summary statistic of the site-frequency spectrum, can also indicate overall patterns of selection or recent changes in demography. Overall, in most species, the genome-wide distribution of Tajima's D is shifted towards positive values, with means 0.862 for P. tetraurelia, 0.504 for P. biaurelia, 0.274 in P. sexaurelia, -0.148 [0.459] for P. caudatum [subset], 1.325 [0.855] for P. multimicronucleatum [subset] . This could suggest pervasive local adaptation (or balancing selection), a recent contraction in population size, or a fairly ancient population subdivision in all Paramecium species. A previous study that sampled variation at 10 nuclear loci, found that strains from different continents shared the same alleles and interpreted that as evidence of regular global dispersal of Paramecium from relatively few permanent locations (Catania et al. 2009 ). This could also be a potential explanation for the observed increase in nucleotide diversity in comparison to the number of segregating sites.
Fraction of Heterozygous Sites across the Genome
On average, about 0.1% of sites in an individual were heterozygous within the P. aurelia species, whereas $0.7% of sites in individuals belonging to P. caudatum and 1.1% of sites in isolates of P. multimicronucleatum were found to be heterozygous (supplementary table S1, Supplementary Material online). This is consistent with the observation that the P. aurelia species undergo autogamy, whereas the outgroup species do not. On evaluating the fraction of heterozygous sites in windows of 10 kb across the genome, we find large blocks of homozygosity in the P. aurelia genomes (supplementary fig.  S10a -e, Supplementary Material online), consistent with losing heterozygosity in the lab while possibly undergoing multiple episodes of autogamy. It can however be noted that peaks in heterozygous regions in the P. aurelia genomes are highly correlated between isolates, unlike in P. caudatum and P. multimicronucleatum, and might potentially reflect mapping or assembly errors. These heterozygous regions (summarized in supplementary Files S1-S3, Supplementary Material online) comprise a very small part, $0.82-0.97% of the genome, and most importantly, on exclusion do not affect any of our analyses qualitatively.
Variation across the Mitochondrial Genome
Few ciliate mitochondrial genomes have been sequenced until now, most belonging to the genus Tetrahymena (Brunk et al. 2003; Burger et al. 2000; Moradian et al. 2007 ). Some others include Paramecium tetraurelia (Pritchard et al. 1990 ), Paramecium caudatum (Barth and Berendonk 2011) and Oxytricha trifallax (Swart et al. 2012) . These studies have illustrated that ciliate mitochondrial genomes are linear and range between 40 and 47 kb with $50 intronless genes. However, there has been no understanding of the levels of sequence diversity across the entire mitochondrial genome.
To obtain mitochondrial genomes for all species included in this study, we carried out de novo genome assembly using the whole-genome resequencing data for each strain, and extracted mitochondrial contigs using the published Paramecium mitochondrial genomes as reference (see Methods for more details). Using this approach we derived complete genome assemblies for multiple strains including from species without a previously published mitochondrial genome (P. biaurelia, P. sexaurelia and P. multimicronucleatum). A comprehensive analysis of these sequences will be published elsewhere (Johri et al., in preparation) . The mitochondrial genome assembly from each isolate was annotated separately, and the eight genes that were most ubiquitously present in all individuals were concatenated and used to construct a phylogeny (see Methods). The mitochondrial phylogeny closely tracked the one based on nuclear sequences (supplementary fig. S11 , Supplementary Material online).
One strain from each species was chosen as a reference genome (the genome with the longest assembly) and reads from other individuals were mapped to the reference to call SNPs. During the original DNA preparation, efforts were made to remove non-MAC DNA, resulting in varying amounts of mitochondrial DNA present in the extracts from each isolate. Hence, some individuals mapped with extremely low coverage (4 to zero read depth) to the reference genome, especially after applying stringent filters to call SNPs (supplementary table S9, Supplementary Material online). Thus, some individuals were excluded from this analysis, including all P. biaurelia isolates. The subsequent analysis was therefore restricted to four species.
All of the mitochondrial genomes are about 40 kb in length. We identified 626 SNPs in P. tetraurelia, 5307 in P. sexaurelia, 4771 [3041] in P. caudatum [subset] and 4600 [1478] in P. multimicronucleatum [subset] . Within all species, very few indels were found, with just 1 in P. tetraurelia, 9 in P. sexaurelia and 15 [13] and 23 [9] in P. caudatum [subset] and P. multimicronucleatum [subset] respectively. The nucleotide diversity at 4-fold degenerate sites was found to be 0.009 in P. tetraurelia, 0.169 in P. sexaurelia, 0.127 [0.093] in P. caudatum [subset] and 0.172 [0.073] in P. multimicronucleatum [subset]. Nucleotide diversity across different sites shows that rRNAs are the most conserved sequences in the ciliate mitochondrial genomes. Transfer RNAs are the next most highly conserved, with their diversity levels only slightly above those of replacement sites (table 2). Our estimates of diversity in the Paramecium mitochondria are higher than those of a number of other unicellular eukaryotes studied so far: P. falciparum (p syn ¼ 0.0012) (Joy et al. 2003) , and Chlamydomonas reinhardtii (p silent ¼ 0.0085) (Smith and Lee 2008) .
We also recalculated nuclear nucleotide diversity (table 2) at 4-fold degenerate sites for the same set of individuals used in the mitochondrial analysis and observed that the mitochondrial to nuclear diversity ratio is close to 1.0 in all species (table 2), except P. sexaurelia where the mitochondrial diversity is 5.7-fold higher than that in the nucleus. On excluding P. sexaurelia, we obtain a strong correlation between 4-fold degenerate nucleotide diversity in the mitochondria and nucleus (slope ¼ 0.95, R 2 ¼ 0.96). It should be noted that there are not enough data points to make any inferences about statistical significance. However, such a positive correlation between the nuclear and mitochondrial diversity suggests that mitochondrial diversity might scale with population size in ciliates, bringing to light previous studies in animals, that have yielded conflicting findings about whether mitochondrial diversity correlates with population size (Bazin et al. 2006; Nabholz et al. 2008; Nabholz et al. 2009; Piganeau and Eyre-Walker 2009) . The observed correlation also suggests that mitochondria and nuclear spontaneous mutation rates may be correlated. Direct estimation of mutation rates in metazoans: C. elegans, D. melanogaster, S. cerevisiae, and H. sapiens, obtained via mutation accumulation experiments suggest a moderate correlation (slope ¼ 0.05, R 2 ¼ 0.48) between mitochondrial and nuclear base substitution rates (using data from Lynch et al. 2008) . Discordance between the nuclear and mitochondrial diversity, for instance in Population Genomics of Paramecium Species . doi:10.1093/molbev/msx074 P. sexaurelia, can be attributed to various factors such as positive selection (Hudson and Turelli 2003; Galtier et al. 2009; James et al. 2016) , demographic events (Pool and Nielsen 2007) or simply differences in nuclear and/or mitochondrial mutation rates (Lynch 2007) . Future studies are needed to dissect the factors responsible for the remarkably different ratio of mitochondrial to nuclear diversity in P. sexaurelia.
Conclusions
This is the first study where multiple individuals of several species of free-living unicellular eukaryotes have been sequenced and used to reveal genome-wide patterns of variation. This study thus provides an invaluable resource for future research in Paramecium, a major model organism in cell biology. Sequencing of multiple individuals from the same lake or pond is needed to further resolve the global versus local population structure of these cosmopolitan unicellular species. Overall, our results suggest that most of the intergenic regions across the highly compact genomes of Paramecium species are strongly constrained and probably harbor functionally important regulatory modules, which might extend into coding regions. We show that patterns of nucleotide diversity across the genome are driven primarily by a combination of purifying selection and mutation rate variation. In future, such analyses will benefit greatly from incorporating variation in recombination rates across the genomic landscape. We also find that duplicates created by the WGD appear to be evolving under similar constraints. Synonymous to non-synonymous diversity ratios need to be supplemented with divergence levels to distinguish between the various types of selective forces acting on the duplicates. Thus, sequencing of much closer outgroup species would allow us to further understand the role of selection in the evolution of different genomic elements including gene duplicates that resulted from ancient WGDs.
Methods
Sampling, DNA Extraction and Sequencing
We examined a total of 56 Paramecium strains originally isolated from environmental sources; including 11 isolates of P. biaurelia, 13 isolates of P. sexaurelia, 12 isolates of P. tetraurelia, 10 isolates of P. caudatum und 10 isolates of P. multimicronucleatum. A total of 14 strains from P. biaurelia and P. sexaurelia were kindly provided by E. Przybo s whereas the remaining strains were cultured in the Paramecium collections of the Institute of Hydrobiology, TU Dresden, Germany, or the Department of Biology, Indiana University, Bloomington, USA. Prior to our analyses, P. tetraurelia strain Moz 13CXI as well as P. sexaurelia strains Moz 13BIII and Indo 1.7I were kindly identified by E. Przybo s by performing interand intrastrain crosses (Przybos 1975) . Paramecia were maintained in 0.25% Cerophyl medium (modified according to Sonneborn 1970; Krenek et al. 2011 ) inoculated with Enterobacter aerogenes. Since P. aurelia species can undergo autogamy (self-fertilization) induced by starvation and all strains have been cultured under lab conditions for several years, all P. aurelia strains in this study are expected to be more homozygous than wild isolates.
Prior to DNA extraction, all cultures were initiated from a single cell ensuring clonality. A modified sucrose density separation (Aury et al. 2006 ) was performed to extract primarily macronuclei (MACs) and to reduce the amount of non-MAC DNA potentially comprising subsequent analyses. Briefly, Paramecium cells were starved for at least two days and filtrated through several layers of sterile cheesecloth prior to cell harvesting via gentle centrifugation. Pelleted cells were gently lysed in 0.25M sucrose medium (pH 6.8) containing 10mM Tris-HCl, 8mM MgCl 2 , 3mM CaCl 2 , 0.5-1% Nonidet-P40 and 0.1-0.2% sodium deoxycholate. Macronuclei were subsequently isolated away from cellular debris, micronuclei and mitochondria by centrifugation at 100rcf in 0.25M sucrose wash buffer (see above w/o Nonidet-P40 and Na-deoxycholate). Genomic DNA extraction from MAC isolations was performed by a modified CTAB procedure (Gustincich et al. 1991) .
All genomes were sequenced using the Illumina HiSeq2000 and paired-end reads with insert sizes between 200 and 400 bp and mean length of 151 bp were obtained. The reads mapped with coverage ranging between 40 and 80 Â (details given in supplementary table S1, Supplementary Material online).
Paramecium Reference Genomes
Complete genomes of P. tetraurelia, P. biaurelia, P. sexaurelia and P. caudatum were downloaded from ParameciumDB (Arnaiz et al. 2007; Arnaiz and Sperling 2011) along with the annotations. Ortho-paralog relationships as well as functional annotations were retrieved from the supplementary information provided in McGrath et al. (2014a McGrath et al. ( , 2014b . RNAseq data for all four species was downloaded and processed as in Gout and Lynch (2015) .
The genome of P. multimicronucleatum was assembled using Celera (Miller et al. 2008 ) and annotated using Eugene (Foissac et al. 2008) as previously described (McGrath et al. 2014a (McGrath et al. , 2014b . A detailed description of the sequencing, assembly and annotation of P. multimicronucleatum can be found in Marinov et al. (in preparation) . OMA (Orthology MAtrix) (Altenhoff et al. 2015) , was used to find orthologs between P. caudatum and P. multimicronucleatum. 11002 genes of P. caudatum were found to have 1-1 orthologs in P. multimicronucleatum and only 1-1 orthologs were used for the current analysis.
Mapping of Reads and Detection of SNPs and Indels
Sequenced paired-end reads were mapped to the reference genomes for each species using BWA (bwa mem) (Li and Durbin 2010) with default parameters and the mpileup function in Samtools (Li, et al. 2009 ) was used to generate mpileup files for each individual. Two distinct pipelines were employed to identify SNPs to ensure detection accuracy: BcftoolsVcftools (Li 2011) as well as the maximum likelihood Genotype Frequency Estimator (referred to as GFE) (Lynch 2009; Maruki and Lynch 2015) . Both pipelines produced highly overlapping sets of SNPs (supplementary table S2 , Supplementary Material online). For both pipelines, sites were only considered for SNP detection and further analysis if the mapping quality was above 30, base quality was above 20, per-base alignment quality was above 15 and the sum of the depth of coverage for all individuals was about 5 times the number of individuals and less than twice the average population coverage. SNPs were called by bcftools if the SNP quality score was above 30 and by GFE if the significance score >5.91 (P > 0.05). The exact parameters of the Bcftools-Vcftools pipeline to call SNPs and indels are given below:
samtools mpileup -q 30 -Q 20 -t DP -uvf reference_genome.-fasta *. 
Simulation of SNP Detection with Varying Levels of Divergence from the Reference
We simulated reads using wgsim (https://github.com/lh3/ wgsim) for a diploid genome with varying levels of divergence from the reference genome of P. caudatum and P. multimicronucleatum, using average values of read length, total number of reads and insert sizes. 
Building Phylogenies
A consensus genome (bcftools view species_filtered.recode.vcfj vcfutils.pl vcf2fq > species.cns.fq) was obtained for each individual using bcftools that represented heterozygous sites using DNA ambiguity codes. Gene nucleotide sequences that are present in single-copy in the P. aurelia species and are also present in both the outgroup species (P. caudatum and P. multimicronucleatum) were extracted, and multiple sequence alignments were generated using MUSCLE (Edgar 2004a (Edgar , 2004b . This amounted to about 55 sequences (including the reference genomes) each in 883 sets of orthologous genes. RAxML/8.0.26 (Stamatakis 2014 ) was used to build a tree using the concatenation of all 883 aligned gene sequences (raxml -s concatenated_sequences.fasta -n gene -m GTRGAMMA -T 4 -p 7). In addition, individual gene trees (raxml -s gene.fasta -n gene -m GTRGAMMA -T 4 -p 7) were built, which were then used to create a consensus tree (raxml -J MR -z trees.newick -T 4 -m GTRGAMMA) (Aberer et al. 2010) .
Mitochondrial phylogeny was built using the same parameters as above, by concatenating eight sets of orthologous genes (NADH_dehydrogenase_subunit_1_a, NADH_dehy-drogenase_subunit_5, Ymf56/orf78, Ymf67/orf265_1, Ymf68/orf393, apocytochrome_b, cytochrome_c_oxidase_-subunit_1, cytochrome_c_oxidase_subunit_2, ribosomal_ protein_S14) that were ubiquitously present across all sampled species.
Principal Component Analysis
Genotypes for all individuals were obtained from the vcf files generated by vcftools for all scaffolds. Only the sites that had a genotype available for all individuals were used in the analysis, i.e., if even a single individual had missing data, the site was excluded from analysis. A total of $10,000 markers were used for each species. The first marker of each scaffold was picked randomly within the first 50 SNP positions and the rest were selected so that all markers were uniformly distributed across all scaffolds. PCA was carried out on these markers by using the R (R-Core-Team 2014) command prcomp (https://stat. ethz.ch/R-manual/R-devel/library/stats/html/prcomp.html) and visualized using the first two components with the R graphing package ggplot2 (Wickham 2010 ).
Calculation of Population Genetic Statistics: Nucleotide Diversity and Tajima's D Nucleotide diversity was calculated as 2pqn/(n-1), where p and q are the major and minor allele frequency and n is the number of chromosomes. The major and minor allele frequency was given for each site by GFE. Diversity at coding sites was partitioned into synonymous and non-synonymous components (e.g., 2-fold degenerate sites are one-third d synonymous and two-third non-synonymous). Major allele frequencies were also extracted from vcftools and returned very similar results as those from GFE (supplementary table  S3 , Supplementary Material online).
Population Genomics of Paramecium Species . doi:10.1093/molbev/msx074 A sliding window approach was used to calculate Tajima's D across the genome. Vcftools was used to obtain these values for non-overlapping windows of 1 kb in length. The program ms (Hudson 2002) was used to perform 100,000 simulations of 10 individuals with 1 kb locus length and niceStats (https://github.com/kern-lab/shIC/blob/master/ niceStats.c) was used to calculate Tajima's D from the ms output file. To obtain Tajima's D for different categories of sites, SNPs belonging to particular category of sites (specified in Results) were selected and vcftools was used to calculate Tajima's D for non-overlapping windows of 10 kb. Windows with 2 or more SNPs were used to calculate the mean and only alternate windows were used to compare distributions of Tajima's D across different categories by Student's t-test, to maximise independence of sampling.
Plotting Average Expected Heterozygosity across Introns and Intergenic Regions All introns (< 500 bp in length) were split midway and aligned according to the 5 0 and 3 0 splice sites. All intergenic regions (< 500 bp in the outgroup species and < 1000 bp in the P. aurelia species) were split midway and aligned according to the start and stop codons. Note that these were not sequence alignments. At each site, the mean expected heterozygosity was calculated. Sites with insufficient number of data points: < 200 data points per site for introns, while for intergenic, < 100 data points per site for outgroups and < 1000 data points per site in the P. aurelia species, were discarded.
Calculating and Plotting Divergence across Introns and Intergenic Regions
Orthologous coding sequences along with introns were aligned using MUSCLE (Edgar 2004a) . Intergenic regions flanked by orthologous genes on both sides were also aligned along with the flanking coding exon, using MUSCLE. For each species separately, divergence for different positions (w.r.t the start and stop sites) was averaged across all introns and intergenic regions. The divergence values were corrected for multiple substitutions by the Jukes-Cantor sequence substitution model and plotted in the same manner as described above.
GO Analysis
All gene ontology enrichment analyses were performed using BiNGO plugin for Cytoscape 3.2.1 (Shannon et al. 2003; Maere et al. 2005 ) using the hypergeometric test to assess significance with Benjamini and Hochberg FDR correction for multiple testing (Benjamini and Hochberg 1995) . Latest ontology files (.obo) were downloaded from www.geneontology.org and custom annotation files were prepared as required using python scripts.
Identification of heterozygous regions in the P. Aurelia Species
Fraction of heterozygous sites was calculated for 10 bp nonoverlapping windows across the genome for all three P. aurelia species and the top 1% such regions that have the highest fraction of heterozygous sites were identified as heterozygous regions.
Mitochondrial Genome Assembly and Annotation
Mitochondrial genomes were assembled as follows. Sequence reads were assembled using SPAdes (version 3.5.0) (Bankevich et al. 2012 ) after removing potential adapter sequence with Trimmomatic (version 0.33) (Bolger et al. 2014) . Mitochondrial contigs were identified from the resulting assemblies by BLAST searches against the published P. caudatum and P. tetraurelia mitochondrial genomes (Pritchard et al. 1990; Barth and Berendonk 2011) .
Protein coding genes were identified by generating all ORFs longer than 60aa in all six frames, using the Mold, Protozoan, and Coelenterate Mitochondrial Code (i.e., UGA codes for W instead of being a stop codon) and all alternative start codons specific to Paramecium (AUU, AUA, AUG, AUC, GUG, and GUA), and retaining the longest ORFs associated with each stop codon. BLASTP (Altschul et al. 1997 ) was then used to identify homologs of annotated mitochondrial proteins in P. tetraurelia and P. caudatum. Additional ORFs were identified by imposing the requirement that their length exceeds 100aa, and subsequently annotated using BLASTP against the Non-redundant protein sequences (nr) database and HMMER3.0 (Eddy 2011) scans against PFAM 27.0 database (Finn et al. 2014) .
tRNA genes were annotated with tRNAscan-SE 1.21 (Schattner et al. 2005) , using the "Mito/Chloroplast'' source.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
